The goal of this work is to develop a method to objectively compare the performance of a digital and a screen-film mammography system in terms of image quality. The method takes into account the dynamic range of the image detector, the detection of high and low contrast structures, the visualisation of the images and the observer response. A test object, designed to represent a compressed breast, was constructed from various tissue equivalent materials ranging from purely adipose to purely glandular composition. Different areas within the test object permitted the evaluation of low and high contrast detection, spatial resolution and image noise. All the images (digital and conventional) were captured using a CCD camera to include the visualisation process in the image quality assessment. A mathematical model observer (nonprewhitening matched filter), that calculates the detectability of high and low contrast structures using spatial resolution, noise and contrast, was used to compare the two technologies. Our results show that for a given patient dose, the detection of high and low contrast structures is significantly better for the digital system than for the conventional screen-film system studied. The method of using a test object with a large tissue composition range combined with a camera to compare conventional and digital imaging modalities can be applied to other radiological imaging techniques. In particular it could be used to optimise the process of radiographic reading of soft copy images.
INTRODUCTION
The need for image quality assessments and optimisation in mammography is well established and is often based on the use of test objects (1, 2) . One of the limitations of most of these test objects is that they are of uniform thickness and composition and do not address the issue of the variation of image quality according to tissue composition variations. To overcome this limitation, a test object has been recently proposed (3) . It contains various breast tissue equivalents allowing image quality assessments in a large dynamic range for high and low contrast structures. Moreover it has been shown that this new test object was adequate to assess image quality provided by conventional (i.e. using screen-film systems) as well as by digital mammography units. Image quality can be objectively assessed on digitised films or using the raw data when dealing with digital systems.
The goal of this work is to present a methodology allowing the assessment of image quality taking into account the display process of the images and the observer responses using a CCD camera to capture the signal, which impinges on the eyes of the reader of the images.
MATERIALS AND METHODS
The test object used in this study has been fully described elsewhere (3) and was manufactured by Films were made using a Bennett Contour 2000 unit (TREX medical, Danbury CT) with molybdenum anode and molybdenum filtration (Mo/Mo) and a high voltage of 28 kV. The film-screen combination was Kodak MinR 2190-MinR-L. Test object exposures were such that the average optical density at 60 mm from the chest wall in the 50:50 glandular/ adipose area was equal to 1.45 AE 0.05. Digital images were acquired on a Senographe 2000D unit (General Electric, USA) using the same exposure conditions as for the film (manual exposure, Mo/Mo combination). All the measurements were performed on raw images (non-equalised, non-filtered data).
The films were displayed onto a 'SmartLight' digital viewbox (SmartLight, Yokneam Industrial Park, Israel). Digital images were displayed using a cathode ray tube (CRT) display system in portrait mode (SMM-21140P model; Siemens AG Medical, Munich, Germany), having a maximal resolution of 1280 Â 1600 pixels and connected to a DOME Md2/PCI graphic board (DOME imaging systems, inc, Waltham, MA). A PMI-1401 C camera, manufactured by 'Q Imaging' (Q Imaging, Burnaby, BC, Canada), was used to capture all images involved in this study. It provides a digital output on 14 bits and contains a Kodak CCD (charged coupled device) made of 1317 Â 1035 pixels (pixel size 6.8 Â 6.8 mm 2 ). The linearity of the output of the camera with the luminance detected has been verified for each situation (i.e. digital viewbox and CRT system) to assure a proper image contrast transfer. Moreover, the MTF of the camera has also been measured and the result has been used to deconvolve the final results. To qualify image quality by only one number for each image, the detectability index d 0 NPW of the nonprewhitening matched filter model observer [corrected for the response of the eye (NPWE model)] (4, 5) was calculated. This model is based on the statistical decision theory that computes the probability distribution of the true-positive and the false-positive decisions obtained for a given decision task using a likelihood criterion. These probabilities are expressed as a function of a signal-to-noise ratio (SNR) which takes into account all the characteristics of the image system (i.e. the contrast, noise and MTF parameters captured by the camera). The SNR obtained when using the NPWE model observer represents the quantity d 
RESULTS AND DISCUSSION
The detectability index d 0 NPW as a function of the diameter of a spherical high contrast target in the three breast tissue equivalent parts of the test object are presented in Figure 1 . The measurements were performed with the camera on a film placed onto the viewbox. The results show that the detection of the sphere is easier in the fully adipose breast equivalent part of the test object than in the fully glandular breast equivalent part. Thus, a detectability index of 5.5 is already reached when the radius of the high contrast target is equal to 0.104 mm in the fully adipose breast equivalent part of the test object, while it requires a radius of 0.130 mm in the fully glandular breast equivalent part of the test object. This behaviour can be explained by the lower film contrast value in the glandular part than in the fully adipose part.
Similar calculations have been performed on the images displayed on the monitor, for the high and low contrast targets. The ratio of the radius obtained when dealing with the films with the one obtained when dealing with the soft copies has been obtained for the three tissue compositions of the test object. The results are presented in Figure 2 .
No major difference appears when dealing with the high contrast target as a function of the tissue composition. The digital system allows the detection of a high contrast target $1.5 smaller than the one that could be detected on the films. This nondependency on tissue composition can be explained by the high contrast level, which exists between the targets and the soft tissue elements. As regards the low contrast target it appears that the digital system is significantly better in the glandular part as in the two other tissues composition (i.e. 50% glandular/ 50% adipose; 100% adipose).
As expected from the methodology, it appeared that the window widths and levels chosen to perform the measurements had only a minor impact (i.e. AE10%) on the value of the detectability index.
CONCLUSIONS
We have developed a methodology that allows us to objectively assess image quality in the domain of the luminance which impinges on the eye of the observer. This methodology not only allows the comparison of the image quality of film with softcopy, but also the optimisation of the reading conditions of radiological images. 
